r e s o u r c e Systematic genome-wide gene deletion collections of eukaryotic organisms provide powerful tools for investigating molecular mechanisms in basic biology and for identifying pathways that can be targeted in bioengineering or medical applications, as shown by pioneering studies with the budding yeast Saccharomyces cerevisiae [1] [2] [3] [4] [5] . The construction of systematic gene deletion collections is difficult, although RNA interference (RNAi) provides a popular alternative approach to ablate gene activity in many organisms. However, RNAi approaches suffer from drawbacks such as partial knockdown of gene expression and off-target effects. For example, RNAi screens in fly and human cells revealed only a 10-38% overlap in genes identified as being required for the cell cycle between these two organisms 6 .
We have constructed a genome-wide gene deletion set for the fission yeast Schizosaccharomyces pombe. Fission and budding yeast are not closely related and differ in a number of aspects including organization of the cell cycle, heterochromatin, complexity of centromeres and DNA replication origins and the prevalence of introns 7 , which makes their comparison valuable for defining genes and processes required more generally in eukaryotes. Here, we have identified similarities and differences in gene dispensability between the two yeasts and have used growth fitness profiling to identify genes haploinsufficient or haploproficient for growth.
RESULTS

Deletion construction and gene dispensability
We have constructed 4,836 heterozygous deletions covering 98.4% of the 4,914 protein coding open reading frames (ORFs) based on the annotated genome sequence 7 (http://www.genedb.org/genedb/ pombe, 01/04/08) (Online Methods and Supplementary Table 1 ; for all the PCR primer sets and the mapping data, see Supplementary Data 1 and 2; also available at http://pombe.kaist.ac.kr/nbtsupp/). In addition, we have deleted 9 Tf2 transposons, 39 dubious genes 8 and 48 pseudogenes (Supplementary Table 2 ). Each gene was deleted and replaced using homologous recombination by a 'deletion cassette' containing the KanMX marker gene 9 (Supplementary Data 3) flanked by a pair of unique molecular bar codes (Fig. 1a, Supplementary  Fig. 1 and Supplementary Table 1) . Several pilot scale deletion studies have been carried out [10] [11] [12] and it was suggested that 40~80 bp of homology is not always sufficient for the recombination required for the systematic deletion of genes in fission yeast 12 We report the construction and analysis of 4,836 heterozygous diploid deletion mutants covering 98.4% of the fission yeast genome providing a tool for studying eukaryotic biology. Comprehensive gene dispensability comparisons with budding yeast-the only other eukaryote for which a comprehensive knockout library exists-revealed that 83% of single-copy orthologs in the two yeasts had conserved dispensability. Gene dispensability differed for certain pathways between the two yeasts, including mitochondrial translation and cell cycle checkpoint control. We show that fission yeast has more essential genes than budding yeast and that essential genes are more likely than nonessential genes to be present in a single copy, to be broadly conserved and to contain introns. Growth fitness analyses determined sets of haploinsufficient and haploproficient genes for fission yeast, and comparisons with budding yeast identified specific ribosomal proteins and RNA polymerase subunits, which may act more generally to regulate eukaryotic cell growth. r e s o u r c e and total gene synthesis methods 13 were developed to overcome this problem by increasing the length of homology from ~80 bp to ~350 bp ( Fig. 1b and Supplementary Figs. 2-4) . We confirmed that the deletion mutants were correctly replaced with the KanMX marker using PCR and dideoxy sequencing (Supplementary Fig. 5 ). For some genes constraints on primer selection for block PCR resulted in <100% of the ORF being deleted (for the amount of ORF deleted see Supplementary Table 1 , column C KO%). Of the 4,836 genes deleted, at least 4,328 genes (87.6%) have >80% of their ORFs removed. In addition we carried out Southern blot analysis to determine the frequency with which the deletion cassette integrated elsewhere in the genome and estimated it to be <1% ( Supplementary Fig. 6 ).
We determined the essentiality of 4,836 genes by sporulating each heterozygous deletion diploid strain and then observing the germinating haploid spores microscopically. Essentiality was confirmed by tetrad analysis for all genes initially characterized as essential. We found that 26.1% of fission yeast genes (1,260/4,836) were essential and 73.9% (3,576/4,836) were nonessential for viability of haploid cells in the growth conditions we used. This analysis determined the dispensability for 3,626 genes that had not been deleted previously (Fig. 1c) . Comparisons with published data for 1,210 genes revealed that the dispensability data for 98.4% of our deletions are similar or our data are more likely to be correct, leaving 1.6% as the maximum estimate of the error rate in our study (Supplementary Table 3) .
These results contrast with budding yeast where 17.8% (1,033/5,776) of genes are essential for viability (http://www.yeastgenome.org/). Fission yeast therefore has 227 more essential genes (1,260-1,033) than budding yeast despite having fewer genes in total (4,836 versus 5,776). Fission yeast has fewer duplicated genes than budding yeast 14, 15 . It is therefore possible that there are more essential genes in fission yeast, because duplication in budding yeast is masking potential essentiality. We examined this possibility by identifying all of the essential genes for each organism with duplications in the other organism (orthologous relationships Sp|Sc, one|many, many|one and many|many). We then identified the cases where these essential genes had orthologs in the other organism that were both nonessential and duplicated (Supplementary Table 1 and Online Methods). This revealed only 67 essential genes in fission yeast and 32 essential genes in budding yeast where essentiality of the orthologs in the other organism could be masked by redundancy. Thus redundancy could account for maximally only 35 (67-32) of the 227 extra essential genes in fission yeast. We conclude that redundancy is not the major reason for the additional essential genes in fission yeast.
Analysis of gene dispensability
Essential and nonessential genes are distributed evenly throughout the fission yeast genome except within 100 kb of the telomeres on chromosomes 1 and 2 (Fig. 2a) . As in other organisms 4 genes in the subtelomeric regions showed low essentiality (1.2%) compared to a genome average of 26.1%. These regions are enriched for paralogs (68.7%, 79/115) and we have shown that duplicated genes are less likely to be essential than single-copy genes (Supplementary Table 4 ). These regions are also enriched for nonessential species-specific genes related to meiosis and the response to nitrogen starvation, which are less likely to be essential under these assay conditions 15 .
In fission yeast ~46% of genes have introns 7 and we found that the essentiality of genes with one or more introns is significantly higher than genes lacking introns (33% versus 21%, P < 10 −14 ) (Fig. 2b) . One possible explanation is that essential genes are less likely to be rapidly regulated given that it has already been shown that rapidly regulated stress response-related genes are less likely to contain introns 16 . Alternatively if introns arose early during eukaryotic evolution, this may be reflected as a bias toward intron-containing essential genes because essential genes are more likely to be ancient than nonessential genes 12 .
The relationship between our gene essentiality data and previously published ORFeome localization 17 was also analyzed for ten different cellular locations (Fig. 2c) . As in budding yeast 3, 18 we found that the greatest percentage of essential gene products was localized to the nucleolus, nuclear envelope and the spindle pole body.
As previously shown for budding yeast 4 , essential genes in fission yeast were more likely to be unique, with 93.1% of essential genes (1,173/1,260) being present in single copy compared to 73.9% of nonessential genes (2,643/3,576). In contrast nonessential genes were more likely to be duplicated or species-specific. Comparison of Gene Ontology (GO) term enrichment between the two yeasts revealed that the essential gene sets for both yeasts were significantly (P < 10 −2 ) enriched for core cellular processes, such as macromolecular (DNA, RNA, protein and lipid) metabolism and cellular biosynthesis (transcription initiation and/or translation and ribosome assembly) ( Fig. 2d and Supplementary Table 5 ). In contrast, nonessential genes were significantly (P < 10 −2 ) enriched for regulatory functions (control of gene expression and cell communication) (Fig. 2d and Supplementary Table 6 ). Nonessential genes were also enriched for conditional or life-cycle specific processes, such as stress response, transmembrane transport and meiosis or sexual reproduction, together with processes that are less likely to be essential in the rich medium and mitotic growth used in our assay conditions. Genes of unknown function were also highly enriched (93%) in the nonessential genes. We predict that many of these genes are involved in biological regulation or condition-specific processes and are not directly involved in primary processes. r e s o u r c e
Species distribution of essential genes
The dispensability profiles for the 4,836-deletion gene set were classified by their gene copy numbers according to their relationship with budding yeast genes (Supplementary Table 4 and x axis in Fig. 3 ) and into five categories by their species distribution (Supplementary Table 4 and y axis in r e s o u r c e in eukaryotes, 59 are probably related to genes found in Archaea (Supplementary Table 7 ). The remaining 915 genes (72.6% of all essential genes) are likely to have arisen within the eukaryotic lineage. This implies that many essential novel gene functions arose with the evolution of the eukaryotic cell. The fidelity of cell division in ancestral unicellular eukaryotes may have been very low, which could be tolerated in evolutionary terms as long as there was overall population growth. However, a multicellular eukaryote requires greater fidelity at each cell division than a unicellular eukaryote, because even moderate levels of random cell death would lead to poor survival of a multicellular organism. It has been estimated that it took around 500 million years for multicellular organisms to arise from an ancestral unicellular eukaryote 19 , and we propose that during this period there was considerable genomic innovation to generate a unicellular eukaryote with sufficient fidelity at cell division to allow the evolution of multicellularity. Essential genes broadly conserved both in bacteria and eukaryotes were significantly (207 genes, P < 10 −2 ) enriched for respiratory function and primary metabolism of low molecular weight molecules, such as nucleotide or glucose metabolism (Supplementary Table 8 ). Of 445 fission yeast-specific genes, only 40 were essential for viability (Supplementary Table 9 ). Some of these genes are implicated in aspects of mitotic and meiotic chromosome segregation 10 and such species-specific genes may have played a role in speciation by reinforcing reproductive isolation 20 . As the majority of essential genes are broadly conserved, it is possible that distant orthologs exist in other eukaryotes, including budding yeast, if some of these apparently species-specific genes are rapidly diverging. To investigate this possibility we re-interrogated the nonconserved essential genes from both yeasts using the same criteria used to build the manual ortholog data set, but relaxing thresholds for candidates to generate seed alignments and building alignments starting from the budding yeast genes rather than the fission yeast genes. This revealed a further four potential orthologs (Supplementary Table 10 ). This indicates that more in-depth comparisons of the essential nonconserved gene sets may reveal further distant evolutionary relationships and functions.
Dispensability comparison of orthologous pairs from the two yeasts Access to deletion collections for both fission yeast and budding yeast allows a robust comparative analysis of dispensability between two evolutionarily distant eukaryotic organisms. To eliminate any complications due to functionally redundant paralogous genes, 2,438 single-copy orthologous pairs (one to ones) for which deletion data are available in both organisms were used for this analysis (Supplementary Table 11 ). Overall 83% of these genes (2,027/2,438) had the same dispensability in both yeasts (Fig. 4a) , suggesting that conserved orthologs in other organisms may also have conserved dispensability. GO enrichment of the conserved one-to-one essential genes in fission and budding yeasts was similar to that of all essential genes (compare Supplementary Table 12 with Supplementary  Table 5 ), whereas the nonessential one-to-one pairs (compare Supplementary Table 13 with Supplementary Table 6 ) were enriched for additional GO terms, such as DNA damage, Golgi and/or endoplasmic reticulum (ER)-related processes and catabolic processes. As conserved genes can be expected to be under positive selection, these single-copy nonessential genes are likely to contribute to overall cell fitness. For example, the inability to repair nonlethal DNA damage will reduce cell fitness. It is also likely that some processes still take place in the absence of certain components, albeit less efficiently, because of flexibility and plasticity in the processes concerned 21 . The Golgi/ER-related processes may be complemented by different but related membrane trafficking pathways or components substituting one for the other. The remaining 17% of orthologous pairs (411/2,438) differ in essentiality between the two yeasts; of these, 268 are essential only in fission yeast and 143 are essential only in budding yeast (Fig. 4a) . Note that genes annotated to mitochondrial functions, certain amino acid metabolic pathways and protein degradation pathways such as neddylation and sumoylation are mostly essential in one yeast and nonessential in the other yeast, whereas other categories show essential genes (although the specific genes are different) in both yeasts under the conditions used in this study. Because there are some differences in the constituents of the standard rich media used for each organism, it is possible that in a few cases different dispensability between the two organisms are due to these differences. r e s o u r c e compared to budding yeast in this category, making the difference in dispensability of one-to-one orthologs a major reason why overall there are 227 more essential genes in fission yeast than in budding yeast. To analyze these differences further we identified a set of broad biological processes that encompass the entire set and sorted each gene pair into the most biologically relevant group (Fig. 4b and Supplementary  Table 14) . The most striking difference was for mitochondrial function (95 orthologous pairs). Of these 89 genes were essential in fission yeast and only six genes in budding yeast. Many of these genes encode components of the mitochondrial translation machinery (69 genes), which is required for mitochondrial DNA (mtDNA) stability. Loss of mtDNA is lethal in fission yeast but not in budding yeast where 'petite' mutants lacking mtDNA are viable and mitochondrial translation is not essential 22 . Conversely, the DNA replication checkpoint genes rad3, rad26 and cds1 are nonessential during normal growth, whereas their respective budding yeast orthologs are essential because of the requirement for degradation of a ribonucleotide reductase inhibitor 23 . This inhibitor can be degraded by a second checkpoint-independent pathway in fission yeast 24, 25 and other eukaryotes but not in budding yeast. Other examples of differential essentiality include the biological processes relating to RNA processing and/or export pathways, Golgi/ER transport, spindle/kinetochore/centromere, transcription and/or other chromatin-associated and glycosylation and/or other ER-associated processes. These differences may reflect dissimilarities in the numbers of introns 7 , centromere structure 7 , the organization of the Golgi network 26, 27 and membrane trafficking. Although 83% of the orthologous pairs have conserved dispensability, different essentiality of specific biological processes and defined complexes in 17% of gene pairs may represent life-style differences between these distantly related yeasts.
Growth profiling of diploids
All fission deletion mutants constructed in this study have been barcoded (Supplementary Table 1) , enabling the strains to be examined as an entire set in pooled experiments. Parallel analysis for changes in the growth rate of heterozygous deletion diploid strains has been used in budding yeast to identify potentially rate-limiting steps for cellular growth 2, 28, 29 . Using a similar methodology 30 (Online Methods and Supplementary Figs. 7-9) , we examined the growth rates in yeast extract medium for 4,334 fission yeast heterozygous deletion diploids (Supplementary Table 15 ; for the microarray raw data see Supplementary Data 4 and 5) and we further examined the growth rate of the 10 slowest haploinsufficient mutants as a proof-of-principle experiment (Supplementary Fig. 10 ). The growth rates of these ten mutants were found to be comparable to the relative fitness results from the microarray parallel analysis.
Comparisons were also made for the haploinsufficient (slower growth) and haploproficient (faster growth) genes in fission yeast and budding yeast (Fig. 5 ). There were considerably more haploinsufficient genes in fission yeast compared to budding yeast (455 versus 356) when using a growth rate cut-off of <0.97 ( Fig. 5 and  Supplementary Table 16 ), whereas there were a similar number of haploproficient genes in both yeasts. The budding yeast life cycle is predominantly diploid and so reduced expression of potentially haploinsufficient genes in diploid cells is likely to have been subject to strong negative selection; this would not be the case for the predominantly haploid fission yeast.
To make a more direct comparison between the fission and budding yeasts, we compared the fastest 3% of haploproficient genes (136 versus 183) and the slowest 3% of haploinsufficient genes (138 versus 184) from each organism ( Table 1 and Supplementary Table 17 ). In fission yeast the haploproficient gene set showed GO enrichment for macromolecule biosynthesis (P < 2.1 × 10 −19 ) particularly ribosomal proteins (Table 1a and Supplementary Table 18 ). The TOR pathway genes (tor2, tsc1 and mip1) and genes encoding Rab-GTPase activating proteins were also found to be enriched in the haploproficient gene set. The loss of heterozygosity in TSC1 31 , RAB-GTPases 32 and also certain ribosomal proteins 33 has been implicated in certain human cancers. None of these haploproficient genes showed any enrichment in the budding yeast haploproficient gene set. If fission yeast evolved in a nutrition-poor niche, then these pathways may have evolved to fine-tune optimal growth in these conditions, which may result in a sub-maximal growth rate in rich media.
Haploinsufficient genes from budding yeast showed a significant GO enrichment for ribosomal-related function 29 , whereas those from fission yeast did not (Supplementary Table 18) . We reasoned that any genes common to both haploinsufficient gene sets are likely to be important for regulating growth in both yeasts. A comparison of these gene sets in the two yeasts (138 versus 184) revealed 14 common orthologous groups and 15 genes (Table 1b) . These included three genes encoding small subunit ribosomal proteins (S3, S6 and S7), five genes encoding large subunit ribosomal proteins (L6, redundant L13, L35 and L39) and another five genes involved in transcriptional functions including a predicted transcription factor TFIID complex subunit A/SAGA complex subunit (taf12), DNA-directed RNA polymerase II-specific subunits, (rpb3 and rpb7) and DNA-directed RNA polymerase subunits (rpb6 and rpc10), which are common to DNA-directed RNA polymerases I, II and III. Because the haploinsufficiency of these genes has been conserved between two distantly related organisms, it is likely that the amount of protein encoded by them is particularly important for the growth rate of the cell. It is therefore possible that their dosage is also important for the regulation of growth in other eukaryotes. Table 16 ).
r e s o u r c e DISCUSSION Fission yeast is an important model eukaryotic organism and the availability of a genome-wide deletion collection will facilitate further studies such as genetic interaction assays, phenotypic analysis 4 , comparative genomics, gene dispensability analysis of higher eukaryotes and drug-induced haploinsufficiency screening 34 . For example, a partial collection of the viable haploid deletions has been distributed to ~25 laboratories and studies from two laboratories have shown that there is considerable conservation of synthetic lethal genetic interactions with budding yeast as well as rewiring of some functionally conserved modules 35, 36 .
Our comparisons of orthologous gene pairs between budding and fission yeast showed that 83% had the same dispensability despite being distantly related. This high level of conservation in dispensability will be helpful for the interpretation of more complex RNAi data from other organisms 6, [37] [38] [39] . We have also shown that there is a relationship between gene essentiality and the presence of introns, which may indicate that essential genes are less likely to be rapidly regulated 16 . There are orthologs for 3,492 fission yeast genes in other eukaryotes, including humans. Of these genes, 454 are not conserved in budding yeast suggesting that fission yeast may be a valuable alternative organism to budding yeast for certain experiments, for example, optimization of drug screening protocols. However, there are ~3,038 genes conserved in both yeasts and other eukaryotes including humans, which encourages us in the view that conclusions drawn from analyses in the two yeasts concerning molecular and cell biology will be relevant to, and improve our understanding of, metazoan cells.
We have also identified a small set of genes required for translation and transcription, including genes encoding specific ribosomal proteins and RNA polymerase subunits that are haploinsufficient for growth in both the yeasts. These specific gene products may play a critical role in regulating the growth of eukaryotic cells. The identification of genes encoding elements of the TOR pathway, Rab-GTPase activating proteins and ribosomal proteins, as haploproficient, is also of interest given the involvement of these gene products in cancer [31] [32] [33] . The availability of a near-complete, genome-wide deletion collection for fission yeast provides a useful tool for the functional studies of eukaryotic molecular and cell biology and for biotechnological applications.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturebiotechnology/.
Note: Supplementary information is available on the Nature Biotechnology website.
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Redundancy and essentiality.
To assess the effect of redundancy on masking essentiality and its contribution to the extra essential genes in fission yeast, we identified all genes in the one|many, many|one and many|many categories where data were available for both organisms (Supplementary Table 1) . We eliminated all orthologous groups with an equal number of essential genes in each organism (e.g., ev|ev) and those where redundancy could not contribute to the difference in essentiality (e.g., vv|vv). The remaining essential genes where redundancy could mask essentiality in one or the other organism were counted for both yeasts. GO analysis. GO enrichment analysis used the Princeton implementation of GO term finder 44 (http://go.princeton.edu/cgi-bin/GOTermFinder) with gene association files from November 2008; GO TermFinder calculates P-value using the hypergeometric distribution, and Bonferroni method is used for multiple hypothesis correction. Analysis used a P-value cut off of 0.01 and all evidence codes except RCA (reviewed computational analysis) are included. The whole genome comparison in Figure 2d and Supplementary Tables 5 and 6 used the total protein coding data sets for fission yeast (4,836) and budding yeast (5, 776) . Some biologically uninformative terms were omitted from the results (that is, when parent and child terms show identical enrichment only the child term is included). GO process enrichment of essential genes, which are conserved in single copy (Supplementary Table 12 ), versus nonessential genes conserved in single copy (Supplementary Table 13 ) used fission yeast annotations and background set.
Parallel analysis using microarray. The custom-made GeneChip (48 K) was designed and manufactured according to the Affymetrix GeneChip guide (KRIBBSP2, Part No. 520506). Construction of mutant library pools, sampling, PCR amplification of probes, hybridization and washes were carried out following modified budding yeast protocols 29, 30 . Genomic DNA was prepared from frozen cell stocks using a kit (Zymo Research ZR-Fungal/Bacterial DNA kit). For each sample, 10~20 OD 600 corresponding to 2~4 × 10 8 cells/ml was used for the genomic DNA preparation. To amplify and label the tags the following sets of primers were used for PCR using 0.2 μg genomic DNA as a template; uptag, forward (5′U-2) 5′-GCTCCCGCCTTACTTCGCAT-3′, reverse (biotin-Kan5′U-2) 5′-biotin-CGGGGACGAGGCAAGCTAA-3′; downtag, forward (DN3-F-biotin) 5′-biotin-GCCGCCATCCAGTGTCG-3′, reverse (DN3-R) 5′-TTGCGTTGCGTAGGGGGG-3′. For growth profiling, data were collected from six independent experiments using two different pool sets. For details, see Supplementary Figures 7-9 .
Analysis of microarray results. Out of 4,441 mutants in the deletion pool, 3,523 mutants were represented by both up-tag and down-tag, and 811 mutants were represented by at least one of two tags. Therefore, at least one of the tags
ONLINE METhODS
Construction of genome-wide deletion mutants. Heterozygous deletion mutants of 4,836 protein coding genes in fission yeast were constructed using a method based on homologous recombination of a deletion cassette containing a pair of unique molecular bar codes (up-tag and down-tag in Supplementary  Table 1 ) and the KanMX marker gene 9 . The sequences of bar codes was generated using a BioPerl-based computer program to meet the following criteria; melting temperature (T m ) = 60 °C, no cross-hybridization, no secondary structures and no similarities to genomic sequences. RNAfold and mfold freeware (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used for checking secondary structure, and the BLAST program was used for checking similarity with genomic sequence. Deletion cassettes were generated by a modified PCR-based strategy. For one-third of deletion cassettes, the conventional serial-extension PCR method 3, 4 was used. For the remaining two-thirds, the block PCR method or an innovative gene synthesis method 13 was employed, resulting in the increase in the length of homologous recombination regions from ~80 bp to 250~450 bp. Oligonucleotides used in construction of the deletion cassettes were supplied by Bioneer Corporation. The deletion cassettes were transformed into SP286 (ade6-M210/ade6-M216, leu1-32/leu1-32, ura4-D18/ura4-D18 h + /h + ) using a lithium acetate method 40 , and then incubated for 5 d to select positive colonies on YES agar containing 100 μg/ml G418 (Duchefa Biochemie).
Confirmation of genome-wide deletion mutants.
To verify the integration of deletion cassettes at the correct locus, colony PCR was carried out. Dideoxy sequencing of the PCR product from each successful deletion mutant was carried out to confirm the sequences of up-and down-tags as well as the junctions to accurately define the deleted region. To estimate how often the deletion cassette integrated at additional sites in the genome, Southern blot analysis of chromosomal DNA from 61 different deletion strains was carried out using KanMX4 as a probe. All the strains and check-PCR primers described here are available from Bioneer (http://pombe.bioneer.co.kr).
Determination of essentiality.
General growth conditions and media were used as described 41 . Essentiality was determined by a microscopic observation of colony-forming ability of spores on YES (yeast extract medium supplemented with adenine, leucine, uracil and histidine at 250 mg/l) at 25 °C and 32 °C. The spores were derived from corresponding heterozygous diploid deletion strains transformed with the pON177 plasmid 42 using a modified version of the PLATE method 43 . About 5% of the heterozygous deletion diploids could not be transformed using this high-throughput method and these were repeated using a standard transformation protocol 40 . Briefly, four batches each of 48 heterozygous diploid strains were patched on to YE (yeast extract medium supplemented with leucine and uracil at 250 mg/l) + G418 agar plates in two 96-well microtiter plates (each strain is represented four times) and left to grow for 2~3 d at 32 °C. Cells were inoculated into 200 μl YE + G418 and left to grow into stationary phase. The cells were harvested and transformed with pON177 (ref. 42) , plated on minimal agar + leucine (250 mg/l) and incubated for a week at 32 °C. Transformants were inoculated into minimal media lacking nitrogen and left for 2~3 d at 25 °C to induce sporulation. The asci were treated with helicase (Bio Sepra) diluted 1 in 250 to eliminate vegetative cells, washed with water and the haploid spores were plated on YES agar at 25 °C and 32 °C. Essentiality was determined by a microscopic observation of the germinating spores on plates after 1 and 2 d before replica plating to YES +100 μg/ml G418 to confirm that the deletion phenotype was associated with G418 resistance. Essential genes were further analyzed by tetrad analysis. Briefly, cells harboring pON177 were left to germinate for 4~5 d on minimal plates. Using a Singer MSM microscope, spores were dissected on YES plates for 4~5 d at 30 °C. Viable colonies were patched onto YES plates + 100 μg/ml G418 to confirm that viability was linked to G418 sensitivity (Supplementary Methods). While analyzing gene dispensability, we found that a subset of the deletion collection harbored a recessive temperature-sensitive mutation unrelated to the gene deletion. This ts mutation was removed from the entire nonessential haploid deletion library after sporulation of the diploid heterozygous deletion strains of nonessential genes. There were originally 416 of the 1,260 essential heterozygous deletion diploid strains that harboured the ts mutation. Of these 416 strains, 364 have been remade and the remaining 52 are In the version of this article initially published, a line was missing connecting India and China in Figure 3 . The error has been corrected in the HTML and PDF versions of the article.
